Next generation sequencing (NGS) of human bladder cancer has revealed many gene alterations compared with normal tissue, with most being predicted to be "loss of function".
INTRODUCTION
Bladder cancer is the most common malignancy affecting the urinary system, with an expected 74 thousand new cases and 16 thousand deaths in 2015 in the United States (1) . Numerous factors, including genetic polymorphisms and both genetic and epigenetic alterations are involved in tumorigenesis, growth, and metastasis in this disease (2, 3) . Recent studies reporting whole-genome or whole-exome sequencing data of bladder tumors (4-7) have enabled comprehensive cataloguing of genomic alterations. Interestingly, most mutations are computationally predicted to result in proteins with reduced expression or function.
Given that such alterations number in the hundreds, evaluating their functional impact individually is impractical. Still, evaluating their function is absolutely necessary if we are to translate sequencing data into novel avenues for therapeutic intervention. Given this need, we developed and implemented a high throughput strategy that tests the hypothesis that some of these alterations are indeed loss of function in tumor growth suppressors. From the literature we gathered gene alterations discovered by next generation sequencing and identified those alterations which led to predicted loss of protein function and whose impact on in vivo tumor growth had not been previously reported in bladder cancer. We then employed RNA interference (RNAi) to reduce expression of our genes of interest and in that way, simulate loss of protein function. The effects of reduced gene expression was assessed in vivo. Therefore, plasmid-encoded short-hairpin RNAs (shRNAs) was used to study in vivo xenograft phenotypes (8) , where long term target depletion is required.
A shRNA library targeting 283 candidate genes was transduced into a non-tumorigenic human bladder cell line (T24) which was then injected subcutaneously into mice. Tumors that arose were sequenced to identify the shRNA responsible for promoting tumor growth. Any gene 4 targeted by such a shRNA represents a novel tumor growth suppressor altered in human bladder cancer. Such an approach provides a novel framework for the efficient functional evaluation of hundreds of genomic alterations found in cancer and allows us to define those that are drivers rather than passengers in regulating tumor growth. 
MATERIALS AND METHODS

Cell Lines and Cell Culture
Human bladder cancer cell lines T24, 253J, UMUC3, J82, MGHU3 and HT1197 were authenticated by the University of Colorado PPSR core using an Applied Biosystems Profiler Plus Kit which analyzed 9 loci (Life Technologies 4303326). Cell ampules were resuscitated less than 2 months prior to being used in experiments in this study. Cells were cultured at 37 degrees Celsius, 5% CO 2 Human shRNA constructs from Sigma Life Science and The RNAi Consortium (TRC) along with 10 μg/mL polybrene for 18 hours. Forty-eight hours after transduction cells were selected with 2.5 μg/mL puromycin until stability was accomplished (approx. 4 days). Cells transduced with library were implanted subcutaneously into 6 week old NCrnu/nu mice (NCI-Frederick, Frederick, MD) at 2 x 10 6 cells/site. Mice that developed tumors were euthanized at the appropriate limits, tumors harvested, and DNA extracted using the DNAeasy Blood and Tissue kit (Qiagen). Polymerase chain reaction (PCR) amplification from the flanking regions of the shRNA sequence was performed using the primers LAP1, TACAAAATACGTGACGTAGAAA and LAP2, TTTGTTTTTGTAATTCTTTA. PCR reactions were subjected to agarose electrophoresis and the 350 bp bands were excised and purified using QIAquick Gel Extraction Kit (Qiagen). Products were then Sanger sequenced to identify the shRNA-encoding region.
In Vitro Cell Assays
Anchorage-independent growth in soft agar was assessed by plating 6 x 10 3 cells per well in 0.5% agar in 12-well plates. Colonies were stained with Nitro-BT (Sigma) for 24 hours before imaging and counting using ImageJ. Proliferation was assessed by plating 1-2 x 10 3 cells per well in 96-well plates. After a specific number of days relative cell abundance was measure with the CyQuant Assay (Life Technologies).
Migration assays were performed using insert chambers for 24-well plates having a PET membrane with 8 µm pores (Falcon). Cells (6 × 10 4 ) were suspended in 0.5 ml of fresh serumfree medium, plated into the chambers and placed into wells containing 0.75 ml/well of medium plus 5-10% FBS and incubated 18 hours. Cells not migrating to the underside of the membrane were removed by scrubbing the interior side of membrane with cotton swabs and the undisturbed migrating cells on the underside were fixed and stained using a crystal violet-20% methanol solution. After drying, the membranes were photographed and migrating cells quantitated using ImageJ. Invasion assays were performed using insert chambers for 24-well plates containing a Matrigel Basement Membrane-like matrix over an 8 µm pore PET membrane (BD Biosciences). Following membrane rehydration 1.5 × 10 4 cells, suspended in 0.5 ml of fresh serum-free medium, were plated into the hydrated chambers and placed into wells containing 0.75 ml/well of medium plus 5-10% FBS and incubated at 37°C for 22 hours. The membranes were treated as in the migration assays and cells quantitated.
Sphere assays were performed using ultra low attachment round bottom 96-well plates (Corning #7007). Cells (1 x 10 4 ) were suspended in 200 µL/well and plated. After 7 days incubation at 37°C the wells were photographed and sphere area determined in 2D using ImageJ.
qPCR
Total RNA was isolated from cells with a RNeasy Plus Mini kit (Qiagen). Single-stranded cDNAs were synthesized from total RNA using iScript™ cDNA Synthesis Kit (Bio-Rad). qPCR reactions were then composed of cDNA, specific primers and iQ SYBR Green Supermix (Bio-Rad) and run on a iQ5 Real-Time PCR Detection System (Bio-Rad). Gene expressions values were normalized to beta-actin controls. 
Antibodies
Western Blot Analysis and Immunohistochemistry
Cell lysates were subjected to SDS-PAGE followed by transfer to polyvinylidene fluoride (PVDF) membranes (9) . Membranes were blocked with 5% non-fat milk and incubated with primary antibodies overnight at 4°C. Membranes were then washed before adding the appropriate secondary antibody. Following 1 hour incubation and washing the blots were imaged using chemiluminescence reagent (Pierce) and a ChemiDoc Imaging Station (Bio-Rad). Densitometry was performed with ImageJ.
IHC was optimized with shRNA IQGAP1 depleted and pelleted/FFPE human bladder cells and performed and scored (0-absent; 1+-10-25%; 2+->25-50%; 3+->50-75%; 4+->75% stained cells). For statistical analysis scores were collapsed into 2 categories (0-2 and 3-4) on all tissue samples by a board certified pathologist as described (10). 
Statistical Analysis
Data was analyzed using two-tailed Student t test with unequal variances. Error bars denote standard deviation. Values provided are the mean ± SEM and the differences were considered significant if P < 0.05. Kaplan-Meier curves for patients with low and high IQGAP1 expression groups were generated and the corresponding log-rank p-values calculated as previously (8) .
RESULTS
In vivo functional RNAi screen identifies novel putative tumor growth suppressors
We compiled a list of genes which were reported as altered by next generation sequencing of tumors from bladder cancer patients (4) (5) (6) (7) . This list was refined to only include those genes whose protein product was predicted to be loss of function as determined by MutationTaster To assess the relationship between these 5 genes and bladder cancer, we performed a bioinformatics analysis of all somatic mutations found in the data set from The Cancer Genome Atlas (5). This analysis revealed, most notably, that IQGAP1 and MED1 are biologically connected to many important genes mutated in bladder tumors, with both connected to TP53 and EP300 (Fig. 1C) . In addition, many of the mutated genes in this network have previously been shown to be associated with tumor size and are found to promote human urothelial cancer growth (Fig. 1C) . Thus, our novel approach appears to have identified 5 bladder cancer tumor growth suppressors.
IQGAP1 depletion increases anchorage independent tumor cell growth
To begin validation of these results we assessed the ability of each shRNA, found in more than one tumor, to promote anchorage independent growth of T24 cells in soft agar assays.
Knockdown of PCIF1, which in the screen had yielded the largest tumors at the highest rate (Fig. 1B) , led to a 6-fold increase in colony formation in soft agar assays relative to control cells (Fig. 1D) . Similarly, knockdown of SAMD9L led to a 5-fold increase in soft colony growth (Fig.   1E ). Most dramatic was the ability of IQGAP1 knockdown to promote soft agar colony growth (16-fold increase) (Fig. 1F) .
Since IQGAP1 expression correlates with tumor size in urothelial cancer and is biologically connected to many other genes altered in this disease (Fig. 1C) , and its loss in T24 cells exhibits the highest increase in anchorage independent growth (Fig. 1F) , we decided to focus additional studies only on IQGAP1. As a means of confirming that the changes in phenotype associated with the IQGAP1 shRNA construct used above were not the result of an off-target effect we tested the shRNA construct #1 in another bladder cancer cell line. Knockdown of IQGAP1 in 253J bladder cancer cells also resulted in increased anchorage independent growth ( Fig. 2A) . The use of a second IQGAP1 shRNA construct also led to dramatic increases in anchorage independent growth in both 253J (Fig. 2B) and T24 (Fig. 2C) cells. In fact, knockdown of IQGAP1 was observed to increase colony formation in an additional 3 bladder cancer cell lines we tested (Fig. 2D-F) . Thus, using either of two constructs to deplete cells of IQGAP1 in several bladder cancer cell lines we conclude that loss of IQGAP1 strongly leads to increased ability of cells to grow in an anchorage independent manner.
IQGAP1 depletion enhances 253J and T24 tumor growth in vivo
We next examined the effect of IQGAP1 depletion on subcutaneous mouse xenograft growth kinetics using 253J and T24 cells, both of which have poor subcutaneous tumorigenicity and growth in immunocompromised mice (13, 14) . In T24 implanted mice the shIQGAP1 cohort reached IACUC protocol limits on tumor size at day 47 post-implant. Therefore, at that time all mice in the experiment were euthanized. At this time point the tumor volume for the shIQGAP1 cohort ranged from 42 to 358 mm 3 for an average volume of 177 mm 3 while the shCTRL cohort had 1 tumor at 91 mm 3 (Fig. 3A) . While the average tumor volume appears to be only a 2-fold increase it is important to note that T24 cells depleted of IQGAP1 had a 67% tumor take (16 tumors from 24 injections) while control cells only had a 5% incidence (1 tumor from 21 injections) (Fig. 3B) . Thus, loss of IQGAP1 expression was important for promoting tumor and modulates its activity due to the fact that IQGAP1 has been shown to physically interact with MEK and ERK proteins (16, 18) . The decrease in tumor volume from day 30 to 40 was the result of newly measurable tumors on day 40 being added to the analysis. We also analyzed 253J cells and discovered that 253J cells depleted of IQGAP1 had an even more dramatic increase in tumorigenicity and growth compared with IQGAP1 depletion in T24 (Fig. 3C) . This necessitated termination of group analysis at 32 days. At this time point the average shIQGAP1 tumor volume was 1375 mm 3 versus 33 mm 3 for shCTRL (Fig. 3C) . The shCTRL cohort had only a 5% tumor incidence compared to 100% in the shIQGAP1 cohort (Fig. 3D) . These results provide additional validation of our screen and additional support for our hypothesis that IQGAP1 functions as a tumor suppressor in bladder tissue.
Reduced IQGAP1 level in human bladder cancer is associated with worse prognosis
To investigate if human bladder cancer has lower levels of IQGAP1 relative to normal tissue we analyzed IQGAP1 mRNA expression in several human bladder cancer patient microarray data sets (CNUH (19) , MSKCC (20) and Stransky (21)). This analysis revealed that IQGAP1 mRNA expression was in fact lower in tumor versus normal tissues in all three data sets (Fig. 4A) . To analyze IQGAP1 protein levels in bladder cancer tumors we optimized and then performed immunohistochemistry analysis on human bladder tumor tissue microarrays from patients that underwent radical cystectomy. Patient clinical management and follow up has been previously described (22) . Lower IQGAP1 protein levels were associated with decreased survival rates among patients who had undergone cystectomy (Fig. 4B) . These data from bladder cancer patients are consistent with both our in vitro and in vivo results and strongly suggest that 
IQGAP1 plays a clinically relevant role as a tumor growth suppressor in bladder cancer and illustrates its potential value as a prognostic indicator.
IQGAP1 marginally affects in vitro anchorage dependent growth, migration and invasion
All of the analyses above reporting on the biological impact of IQGAP1 depletion were in the context of either anchorage independent growth or in vivo. In sharp contrast, IQGAP1 knockdown showed little effect on cells when they were analyzed in monolayer. Cells which stably express shIQGAP1 to knockdown IQGAP1 expression ( Figure 1F and 2A) exhibited the same rate of proliferation relative to shCTRL when grown in monolayer (Fig. 5A) . Second, there was no difference in the migration ability of shIQGAP1 versus shCTRL T24 cells (Fig. 5B) , although IQGAP1 depletion did impact 253J migration. Third, there was no significant difference between control cells and cells depleted of IQGAP1 in invasion assays, in either T24 or 253J cell lines (Fig. 5C ). Thus, in 3 different monolayer in vitro assays we saw little to no difference in control cells compared with cells depleted of IQGAP1 in 2 bladder cancer cell lines. Consistent with this finding we discovered that pERK1/2 levels were also unaltered in monolayer (Supplemental Fig. 1) , while pERK1/2 levels were dramatically decreased in xenograft tumors (Fig. 4A) . Finally, as another means of assessing in vitro cell growth we evaluated the impact of IQGAP1 depletion in 3 dimensional sphere growth assays performed with non-adherent plates (23) . Both T24 and 253J cells readily formed tumor spheres (Fig 5D) . Furthermore, depletion of IQGAP1 in either cell line led to a significant increase in sphere volume, indicative of increased growth (Fig. 5D) . Together, these experiments show that IQGAP1 depletion has by far its greatest impact when cells are grown in three dimensions, whether in vitro or in vivo. IQGAP1 is a major scaffold protein involved in a number of cellular processes and associates with over 90 direct or indirect binding partners (24, 25) . As an initial approach to understanding the mechanisms by which loss of IQGAP1 leads to dramatic increases in tumorigenicity and tumor growth we undertook a bioinformatics assessment to identify genes/proteins that are associated with both IQGAP1 and advanced bladder tumors. Of 909 genes identified as differentially expressed (FDR<0.05) in a majority of 7 microarray studies of muscle invasive bladder tumors (19-21, 26-28), we identified 22 genes/proteins with a biological connection to IQGAP1. We then used QIAGEN's Ingenuity Pathway Analysis to look for other genes/proteins that were connected to these 22 genes/proteins. We discovered that half of them were also connected to TGF-β signaling, with direct and indirect associations with the growth factor TGF-β1 and its receptor TGFBR2 (Fig. 6A) . These genes/proteins were also associated with the biological process of cell viability (except CALM1), while all but two of them (CALM1 and CYBB) are connected to cell morphology using the IPA Knowledge Base. The probability of selecting these genes associated with cell viability and cell morphology by random chance, given all possible human genes, is 1.2 x 10 -13 and 2.8 x 10 -13 respectively (Fisher's exact test). We also note that six of these genes (CYBB, IKBKB, IQGAP1, PTK2, SRC, and VCAM1) are associated with canonical IL-8 signaling (p = 1.1 x 10 -9 , Fisher's exact test), a pathway that is associated with the epithelial-mesenchymal transition (EMT) in many types of tumors (29) . In addition, TP53, IKBKB, TGFB1 and TGFBR2 are strongly associated with EMT (p = 9.0 x 10 -6 , Fisher's exact test). A literature search revealed that IQGAP1 has been shown to bind TGFBR2, following TGF-β stimulation, which promotes SMURF1 association with TGFBR2 and subsequent ubiquitination/degradation of the receptor (30) . Additionally, dysregulated TGF-β signaling has been shown to be pro-oncogenic (31) . Therefore, we hypothesized that IQGAP1
Inhibition of TGFBR2 reverses growth phenotypes associated with IQGAP1 depletion
loss results in increased TGFBR2 protein levels and subsequently increases TGF-β signaling to promote cell growth. We found that depletion of IQGAP1 did in fact lead to increased TGFBR2 protein levels in bladder cancer cells (Fig. 6B) . Using a reporter of TGF-β signaling (3TP-Lux) we also found that shIQGAP1 cells have higher levels of TGF-β-induced activity (Fig. 6C) . As hypothesized, treatment of cells with TGFBR2 siRNA (Supplemental Fig. 2A) led to an abolishment of the increased TGF-β signaling (Fig. 6C) . To determine if these observations had biological relevance we performed a rescue experiment in soft agar assays using cells transfected with TGFBR2 siRNA. Knockdown of TGFBR2 reversed the increase in soft agar colonies induced by IQGAP1 depletion in 253J cells (Fig. 6D ) and T24 cells (Supplemental 
DISCUSSION
The work presented here makes two important contributions to the field of cancer biology. First, it provides a proof of principle that mutational analysis of human tumors can inform the design of an shRNA library, which in turn can be used for the discovery of tumor suppressor genes. More broadly, this approach allows high throughput evaluation of genomic changes in cancer to determine which are functional, thus contributing to the classification of these into driver and passenger alterations. Second, the work led to the identification of 5 novel tumor suppressor gene candidates in bladder cancer, 3 of which we validated in this study. Since the novel candidate tumor growth suppressor IQGAP1 had a bioinformatics association with another candidate, as well as an association with tumor growth and urothelial cancer, we further characterized the role of this candidate in bladder tissue. We found that depletion of IQGAP1 in 5 different bladder cancer cell lines, using 2 different shRNA molecules, led to dramatic increases in growth in 3-dimensional based in vitro assays. Interestingly, it was only in the 3-dimensional/anchorage independent assays that we were able to phenocopy the increased growth observed in vivo with depletion of IQGAP1. Why the loss of IQGAP1 has little to no impact on cell growth/movement in a monolayer environment remains unclear. IQGAP1 normally functions as a scaffold protein near the plasma membrane. Perhaps with cell-cell contact being dramatically reduced in a monolayer setting relative to a 3-dimensional setting the cell has less of a need for IQGAP1, and thus, its loss has little to no impact on cell growth/movement. Future experiments designed to tease out the mechanism behind the ability of IQGAP1 to suppress tumor growth will have to take this important consideration into account.
The use of RNAi in high throughput in vivo screening is a very powerful and economically practical method to rapidly identify novel genes of interest. There are a number of shRNA library systems (reviewed in (32, 33) ) and we used the TRC shRNA library system (34-36). 
Furthermore, we employed a focused library as opposed to whole genome or module libraries since our genes of interest were determined by bladder cancer patient mutations followed by a bioinformatic prediction of which mutations lead to loss of function proteins. Another unique aspect of our screen was that we were only interested in identifying shRNA molecules which were present in harvested tumors, as the targets of these shRNAs represented candidate tumor growth suppressor genes. This is in contrast to determining which shRNAs were lost, as these represent proto-oncogenes, or determining the levels of all shRNA molecules in the tumors as a means of assessing the effects of gene expression on tumor formation. Yet another unique aspect of our screen was the identification of the dominant shRNA molecules in each tumor in a low throughput, more cost effective fashion as detailed in the methods section. There are any number of routes a study can take from a standard high throughput, RNAi in vivo screen and here we have detailed our unique in vivo approach which successfully yielded a number of novel tumor growth suppressors in bladder cancer.
This study was also able to determine that the ability of IQGAP1 to suppress tumorigenicity in bladder cancer cell lines is due in part to its ability to regulate TGF-β signaling. Unfortunately, the complete mechanism by which IQGAP1 acts to suppress tumorigenicity in bladder cancer is likely more complex than just having a relationship with TGF-β signaling. IQGAP1 has a large number of binding partners and, when they are dysregulated, these partners themselves have been shown to contribute to cancer (25) . In addition to the screen, and subsequent in vitro and in vivo validation, we found a statistically significant correlation between IQGAP1 expression and bladder cancer patient outcomes. Such findings demonstrate a clinically relevant aspect of IQGAP1 expression and label the protein as a potential biomarker for advanced disease.
Furthermore, the fact that IQGAP1 expression was found to be inversely proportional to grade suggests that IQGAP1 has an ability to inhibit tumor progression (24, 25) . 
Identification of a patient mutation in IQGAP1 led to the incorporation of the gene in our RNAi
library. An analysis of The Cancer Genome Atlas revealed 3 additional patient missense mutations (5) . This prevalence suggests that mutational status is less of a factor than decreases in gene expression. This is exactly what we observed in our study. IQGAP1 mRNA expression was lower in tumor versus normal in all 3 patient datasets we analyzed. Additionally, an immunohistochemistry analysis of patients following radical cystectomy revealed that lower IQGAP1 protein levels correlated with decreased survival. Thus, our data show that decreased expression of IQGAP1, and not necessarily mutational status, correlates strongly with negative prognosis. As a large scaffolding protein this would not be surprising as its reduced expression would impact over 90 other proteins while an intact protein with missense mutations would be expected to impact fewer, assuming the protein stability and conformation was unchanged.
It is certainly worth noting that, in contrast with our findings in bladder cancer cells and patients, IQGAP1 is actually up-regulated in other cancers and has been found to play a significant role in cellular functions often exaggerated in cancer (24) . For example, IQGAP1 protein contributes to increased proliferation and tumorigenicity of breast epithelial cells (37) . Interestingly, a similar dual role has been demonstrated between bladder and breast cancer for the protein RhoGDI2.
In bladder cancer, reduced expression of RhoGDI2 is associated with decreased patient survival (38) , while in breast cancer, higher RhoGDI2 expression is associated with decreased patient survival (39) . IQGAP1 protein also shows increased expression in aggressive vs. lessaggressive glioma neoplasms, and has higher expression in tumor vs. normal tissue of glioma, lung and colorectal cancers (24) . It has also been shown to be overexpressed in hepatocellular carcinoma and promote proliferation through Akt activation (40) . With these studies labeling IQGAP1 as an oncogene we were surprised to discover IQGAP1 has an opposite function in bladder cancer. However, supportive of our discoveries is the finding that IQGAP1 has the ability to act as a suppressor of TGFBR2-mediated myofibroblastic activation and metastatic The ability of IQGAP1 depletion to promote tumor outgrowth and incidence is even more dramatic in 253J cells. In 253J cells the experiment was halted at 32 weeks at which point there was a 100% tumor take with shIQGAP1 cells. *** p<0.001. Survival by IQGAP1 Group 
